Observations made within a cold filament in the Mauritanian upwelling system demonstrate that intense submesoscale circulations at the peripheral edges of the filament are likely responsible for anomalously high levels of observed primary productivity by resupplying nutrients to the euphotic zone. Measurements made on the shelf within the recently upwelled water reveal that primary production (PP) of 8.2 gC/m −2 day −1 was supported by nitrate concentrations (NC) of 8 mmol m −3 . Towards the front that defined the edge of the filament containing the upwelled water as it was transported offshore, PP dropped to 1.6 gC m −2 day −1 whilst NC dropped to 5.5 mmol m −3 . Thus, whilst the observed nutrients on the shelf accounted for 90% of new production, this value dropped to ∼60% near the filament's front after accounting for vertical turbulent fluxes and Ekman pumping. We demonstrate that the N 15 was likely to have been supplied at the front by submesoscale circulations that were directly measured as intense vertical velocities ≥100 m day −1 by a drifting acoustic Doppler current profiler that crossed a submesoscale surface temperature front. At the same time, a recently released tracer was subducted out of the mixed layer within 24 hours of release, providing direct evidence that the frontal circulations were capable of accessing the resevoir of nutrients beneath the pycnocline. The susceptibility of the filament edge to submesoscale instabilities was demonstrated by O(1) Rossby numbers at horizontal scales of 1-10 km. The frontal circulations are consistent with instabilities arising from a wind-driven nonlinear Ekman buoyancy flux generated by the persistent northerly wind stress that has a down-front 1 Corresponding author Preprint submitted to Progress in Oceanography September 22, 2017 component at the northern edge of the inshore section of the filament. The prevalence of submesoscale instabilities and their associated vertical circulations are proposed to be a key mechanism operating at sub-grid scales and sustaining new production throughout the upwelling system.
Abstract
Observations made within a cold filament in the Mauritanian upwelling system demonstrate that intense submesoscale circulations at the peripheral edges of the filament are likely responsible for anomalously high levels of observed primary productivity by resupplying nutrients to the euphotic zone. Measurements made on the shelf within the recently upwelled water reveal that primary production (PP) of 8.2 gC/m −2 day −1 was supported by nitrate concentrations (NC) of 8 mmol m −3 . Towards the front that defined the edge of the filament containing the upwelled water as it was transported offshore, PP dropped to 1.6 gC m −2 day −1 whilst NC dropped to 5.5 mmol m −3 . Thus, whilst the observed nutrients on the shelf accounted for 90% of new production, this value dropped to ∼60% near the filament's front after accounting for vertical turbulent fluxes and Ekman pumping. We demonstrate that the N 15 was likely to have been supplied at the front by submesoscale circulations that were directly measured as intense vertical velocities ≥100 m day −1 by a drifting acoustic Doppler current profiler that crossed a submesoscale surface temperature front. At the same time, a recently released tracer was subducted out of the mixed layer within 24 hours of release, providing direct evidence that the frontal circulations were capable of accessing the resevoir of nutrients beneath the pycnocline. The susceptibility of the filament edge to submesoscale instabilities was demonstrated by O(1) Rossby numbers at horizontal scales of 1-10 km. The frontal circulations are consistent with instabilities arising from a wind-driven nonlinear Ekman buoyancy flux generated by the persistent northerly wind stress that has a down-front The upwelled water is transported offshore within mesoscale filaments, an example of which is evident in a) at a latitude of 20.5
• N and represents the primary filament surveyed during the cruise. The frontal environment and high concentrations of nutrients is conducive to high levels of primary production that are strongly correlated with the periphery of the main filaments. Black dashed circles in b) indicate the starting regions within which the drifters used to mark the tracer were released at the beginning off each Lagrangian experiment and the solid back lines their subsequent paths.
the surface whilst the ship is underway. At a speed of 8 knots, a complete 141 profiling cycle that includes both the downward and upward profiles (the 142 former is vertical but the latter profile is oblique and near horizontal during The Wirewalker repeatedly ascends to the surface under its own buoyancy 
181
The second drifter was equipped with a downward looking 600 kHz RDI
182
Broadband ADCP located at 20 m depth, immediately beneath the drogue 183 and isolated from surface motion by using a rubber chord of 3 inch diameter to Figure 2: Sea surface temperature (SST) within the study region. Overlain (white/reddashed lines) is the ship-track for the MVP/VM-ADCP survey of the primary filament (MVP1) within which Patch 1 was conducted. Legs 1-5 for which detailed results are presented in Fig. 6 are labelled accordingly. The initial location of each patch experiment (labelled P1, P2 and P3, respectively) where the SF 6 was released are indicated by the orange/black dashed circles. Note that the time that passed between P1 and P3 exceeded 3 weeks and thus the SST field, which corresponds to April 27 and thus towards the end of P1, evolved significantly by the time that P3 was initiated. The white circles (red outlines) along the ship track during MVP1 indicate the magnitude of the mismatch between the predicted new production based on available nutrients and the observed new production.
Remote sensing
Sea surface temperature (SST) data were provided by the NERC Earth 
A brief description of methods is provided here; the reader is referred 264 to Clark et al. (2006, 2007, 2011, 2016) 
where ρ w is the density of seawater, f is the coriolis frequency and τ is 316 the wind stress vector. The total nutrient flux to the euphotic zone arising 317 from turbulent fluxes and Ekman pumping is given by
Results

319
We demonstrate here that the new production occurring offshore within a 320 mesoscale filament required additional nutrients than were supplied by initial 321 upwelling near the coast. We present results in three subsections to highlight 
18.15
• C isotherm estimated from the AVHRR data ( Fig. 4a) .
341
During the two days prior to the release of the tracer, a transect was com-342 pleted perpendicular to the coast during which surface nitrate concentrations were measured in addition to a vertical profile to establish the horizontal and 344 vertical nutrient distributions. The transect began offshore within the fila-345 ment, traversed the stratified water that had become entrained around the 346 meandering front, and finished within the coastal upwelled water (Fig. 3b) . (Fig. 3a) .
355
Throughout the week following the tracer release the drifter, and thus The time at which the distance of the drifters from the front decreased nitrate gradients than inside the filament (Fig. 4c,f) .
405
Nutrient supply by Ekman pumping was negligible; the region within • C) throughout study region during day 112 and the position of the drogued drifter (black/white dots) over the shelf relative to the nearest location of front at the filament periphery (black line, defined as 18.15
• C isotherm), vertical profiles of b) nitrate concentration (red line), and σ θ (black line) and c) histogram of diapycnal diffusivity, Kz, across the pycnocline in the shelf region, and d) SST during day 116 when the drifter was entrained into the filament. The corresponding vertical profiles of nitrate and σ θ are shown in e) and f) the diapycnal diffusivity across the pycnocline, now at 66-76m and thus more than 20m deeper than on the shelf. The depths corresponding to the upper limit of the pycnocline are indicated by the blue crosses in b) and e). 
427
The narrow horizontal extent of the filament at its furthest offshore posi- 
435
The thermohaline gradients associated with the filament were density . North is indicated by the back arrow.
Susceptibility to frontal instabilities
461
To assess the susceptibility of the filament environment to submesoscale i.e. towards the coast (Fig. 8a) . In contract, offshore flow dominated currents The Ertel Potential Vorticity (EPV) is estimated by Eq. 6 by approximating the relative vorticity as the along-track gradient in the cross-track velocity. This approximation is more accurate in frontal regions where the flow is dominated by along-front geostrophic jets generated from the sloping isopycnals (Overlain in a)-d) as in Fig. 6 ). Velocity vectors are included and illustrate the primary direction and magnitude of flow, in particular at the strongly defined front at the southern edge of legs 1-3.
of the filament generated large Rossby numbers (Fig. 8b) . The extent to which the filament fronts are subject to frontogenesis from 507 which submesoscale instabilities can subsequently emerge is quantified by U cross , constitutes the along-front flow in a 2D approximation for PV, q 2d ,
Numerical simulations demonstrate that, within regions of negative PV, weakly stratified SML at the southern edge of leg 5 (Fig. 8c,d ). Throughout 
19
• C in less than 10 km (Fig. 9) . The front was also demarcated by high 535 chlorophyll concentrations on the northern (warm) side of the front, consis-536 tent with local upwelling supplying nutrient rich water to the surface and 537 stimulating new production.
538
An initial survey prior to SF 6 nighttime mapping revealed strong cyclonic 539 vorticity within the surface layers; currents within the emerging filament were 540 directed towards the filament edge where they rotated to become aligned with 541 the front, presumably due to the influence of the along-front jet observed in 542 the mesoscale filament survey (Fig. 9a) . The vorticity signature of the front 543 was much more pronounced than during MVP1 where the dynamic signature 544 of the front on the northern edge of the filament was obscured. The strongest 545 vorticity was observed as the ship passed through the northern front from 546 the cold water into the warmer, chlorophyll-rich water at 18
• W, 21
• 30'N.
547
Assuming that the rotation of the velocity at 26 m, which is the shallowest 548 bin for which good data were available, was dominated by the frontal current
549
we estimate the 2D vorticity in the similar manner to described above. The elongated in a north-east/south-west direction (Fig. 9d) . More significantly, 559 the SF 6 concentration measured at the ship's intake at 4 m depth over the 560 same 24 hour period from t=128 to t=129 decreased by an order of magnitude 561 from 10 3 fmol l −1 to 10 2 fmol l −1 (Fig. 9) . Water samples taken from a CTD of the cruise to monitor the primary production within the upwelled water, 567 the experiment was subsequently terminated.
568
Direct evidence of the rapid vertical velocities implicated in the rapid 569 subduction of the SF 6 were obtained from the drifting ADCP. Following (Fig. 10) .
574
The drifters remained within the downwelling current for approximately 1-2 575 hours before being advected back out of the front into the cooler filament wa- vorticity associated with the frontal jets and order unity Rossby numbers.
618
The mesoscale environment is thus susceptible to frontogenesis and the de- the coast and to the east of which in our observations the SF 6 was released.
648
Secondly, a southward flowing jet was observed in Fig. 8 on the southern 649 side of the filament at its furthest offshore extent and was laterally localized 650 to the extent that the relative vorticity associated with the its horizontal, 651 cross-front gradient, generated O(1) Rossby number.
652
Despite the apparent inconsistency in the location at which the new pro- ence frame in which the measurements were made was always far from the 677 front. Secondly, the front was considerably weaker than the primary filament 678 discussed earlier when viewed in terms of the magnitude of SST gradients.
679
The mechanism by which nutrients upwelled on the warm side of the 
Conclusions
696
Observations made during a cruise to the eastern boundary current up-697 welling system off Cap Blanc indicate that nutrients upwelled to the euphotic 698 zone inshore of the coastal front stimulate high levels of primary production.
699
The coastal front develops mesoscale instabilities and forms filaments of up- Lévy, M., Iovino, D., Resplandy, L., Klein, P., Madec, G., Tréguier, A.M.,
